Resequencing studies provide the ultimate resolution of genetic diversity because they identify all mutations in a gene that are present within the sampled individuals. We report a resequencing study of Persea americana, a subtropical tree species native to Meso-and Central America and the progenitor of cultivated avocado. The sample includes 21 wild accessions from Mexico, Costa Rica, Ecuador, and the Dominican Republic. Estimated levels of nucleotide polymorphism and linkage disequilibrium (LD) are obtained from fully resolved haplotype data from 4 nuclear loci that span 5960 nucleotide sites. Results show that, although avocado is a subtropical tree crop and a predominantly outcrossing plant, the overall level of genetic variation is not exceptionally high (nucleotide diversity at silent sites, p sil 5 0.0102) compared with available estimates from temperate plant species. Intralocus LD decays rapidly to half the initial value within about 1 kb. Estimates of recombination rate (based on the sequence data) show that the rate is not exceptionally high when compared with annual plants such as wild barley or maize. Interlocus LD is significant owing to substantial population structure induced by mixing of the 3 botanical races of avocado.
Avocado (Persea americana Mill. Lauraceae) is an important subtropical crop in the Americas where it has been cultivated for several thousand years. The wild progenitor of cultivated avocado is a polymorphic tree species that is comprised of 3 botanical races: Persea americana var. americana Mill (the West Indian race), Persea americana var. drymifolia Blake (the Mexican race), and Persea americana var. guatemalensis Williams (the Guatemalan race) (Bergh and Ellstrand 1986) . Persea americana has a synchronously dichogamous breeding system that tends to enforce outcrossing (Davenport 1986 ), although self-fertilization does occur in orchards composed of a single genotype (Davenport et al. 1994; Kobayashi et al. 2000) . Avocado is a branched evergreen tree 40-80 ft tall with elliptic leaves 3-10 inches long. The avocado fruit has long been used as a rich source of human nutrition, has a high lipid content from 5% to 30% depending on the cultivar, and also is a good source of vitamins and antioxidants (Sharma and Martinez 1972) . A recent comprehensive review of avocado biology, genetics, and future prospects in genomics can be found in Chanderbali et al. (2007) .
Nucleotide sequence diversity has been extensively studied in several short-lived temperate plant and animal species, including Arabidopsis thaliana (Aguade 2001; Nordborg et al. 2005) , Drosophila melanogaster (Haddrill et al. 2005 ; Thornton and Andolfatto 2006) , wild barley (Lin et al. 2002; Morrell et al. 2003 Morrell et al. , 2005 , and maize (Gaut et al. 2000; Gaut 2001a, 2001b) . Resequencing studies of perennial woody plants with long generation times are still rare; exceptions include studies of aspen (Ingvarsson 2005) , cypress (Kado et al. 2003) , and Pinus sylvestris (Dvornyk et al. 2002; Garcia-Gil et al. 2003) . The results of these somewhat limited studies indicate that outcrossing trees from temperate latitudes have low nucleotide diversities compared with selfing annual species like Arabidopsis thaliana and Hordeum vulgare ssp. spontaneum (wild barley). This stands in contrast to meta-analyses of allozyme data, which tend to suggest higher diversity in tree species (Hamrick and Godt 1997) .
To date, nucleotide diversity has not been explored in tropical tree species. In this paper, we examine nucleotide sequence diversity at 4 loci in wild avocado accessions. We address the following questions: How much nucleotide sequence diversity is present in this subtropical tree species? What is the relative importance of recombination versus mutation in generating haplotypic diversity in avocado? And how extensive is the intra-and interlocus linkage disequilibrium (LD) in this predominantly outcrossing tree?
Materials and Methods

Plant Materials
A total of 21 wild accessions of P. americana were sampled in this study. The accessions were obtained from avocado germplasm collections located at the Centro de Investigaciónes Cientificas y Tecnológicas del Aguacate, in Coatepec de Harinas and Ixtapan de la Sal in the State of Mexico, Mexico, and at the National Institute for Forestry, Agriculture and Livestock Research Germplasm collection in the state of Guanajuato, Mexico. The wild material originated from multiple states within Mexico, from the mountainous central states of Guanajuato and Querétaro to the eastern coastal state of Veracruz, and from southern states of Chiapas and Yucátan. Accessions were also obtained from Central America (Costa Rica), South America (Ecuador), and the Dominican Republic (DR) on the Caribbean island of Hispaniola (Samples from DR were kindly provided by J. Nunez). The sample includes all 3 botanical races. The locations and putative racial designations of the wild avocado accessions are listed in Table 1 .
Loci Sequenced
Four nuclear genes were sequenced in this study. Flavanone-3-hydroxylase (F3H) and chalcone synthase (CHS) are 2 of the core enzymes in the flavonoid biosynthesis pathway. The function of F3H is to convert (2S)-flavanones to (2R, 3R)-dihydroflavonols, which is a direct intermediate in the biosynthesis of anthocyanidins and flavonols (Forkmann and Dangelmayr 1980; Britsch et al. 1992) . CHS synthesizes a precursor for the biosynthesis of flavonoids and isoflavonoids (Durbin et al. 2000) . Cellulase (endo-1,4-DGlucanase) is a gene related to ripening, whose activity increases throughout the avocado fruit ripening process (Tucker et al. 1987 ). Serine-threonine-kinase (STK) is one of the known classes of disease-resistance genes in plants (Di Gaspero and Cipriani 2003) .
It was not possible to obtain complete sequences from all accessions for all 4 loci. Sample sizes for F3H, CHS, Cellulase, and STK were 16, 17, 20, and 20, respectively. For the F3H locus, variable length insertions/deletions (indels) within a large intron (;1 kb) precluded sequencing all accessions. For the CHS locus, a poly ''A'' polymorphism located just before the second exon of the locus caused unreliable reads, so the alignment was truncated after the first indel and resulted in a final sequence of 1.2 kb.
DNA Extraction, Polymerase Chain Reaction Amplification, and Sequencing
Avocado genomic DNA was extracted from silica gel-dried wild avocado leaves using the Cetyltrimethylammonium Bromide method and purified by cesium chloride equilibrium density gradient ultra centrifugation (Ausubel et al. 1994) . All loci were sequenced in both directions, with a minimum 2-fold coverage and 4-to 6-fold coverage for most sequenced regions. Amplification primers were designed according to the published avocado mRNA sequences from GenBank. All primers used in these reactions are listed in Table 2 . Polymerase chain reaction (PCR) amplication conditions were as follows: 95°C preheating for 3 min, then 95°C for 45 s, annealing temperatures ranged from 53 to 57°C for 1 min according to the melting temperature (T m ) of individual primers, extension temperature was 72°C, and the time ranged from 1 to 2 min 30 s depending on the length of the amplified products. Amplification included 35 cycles with a final extension of 72°C for 30 min for poly-A tail elongation. PCR products were purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA). Cleaned PCR products were direct sequenced using BigDye version 3.1 chemistry mix (Applied Biosystems, Foster City, CA) and Better Buffer sequencing buffer (The Gel Company, San Francisco, CA) following the manufacturer's protocols. The initial amplification primers and internal sequencing primers were used for sequencing, and each primer provided 500-to 600-bp high-quality DNA sequence. The sequence products were run on both ABI 377 and ABI 3100 sequencers (Applied Biosystems).
Sequence reads were assembled using PHRED/ PHRAP/CONSED (Ewing and Green 1998; Gordon et al. 1998 ) to generate complete contigs, and POLY-PHRED was used to detect the single-nucleotide polymorphism (SNP) sites and indels (Nickerson et al. 1997) . The sequences were aligned using the program CLUSTALW ( Thompson et al. 1994) , and alignments were manually adjusted.
Haplotype Phasing
Almost two-thirds of the accessions were heterozygous at each locus. We used allele-specific PCR (AS-PCR) amplification to experimentally phase haplotypes of heterozygous individuals. Paired AS-PCR primers were designed to terminate in a common SNP or indel site, with each of the primers ending in one of the SNP or indel states. For SNP-specific primers, an additional nucleotide mismatch was included to the 3# end of the primer, 2 nucleotides from the final (selective) nucleotide site (Newton et al. 1989) .
AS-PCR primers were paired with one of the initial amplification primers for second-round PCR (i.e., AS-PCR), using purified product from the first-round PCR as template. Purified AS-PCR products were then direct sequenced to get individual haplotypes. A detailed description of the method is presented in Chen (Chen HF, 2006, unpublished dissertation, University of California, Riverside, CA). The accuracy of inferred haplotypes was assessed using Error Detection Using Triplets (EDUT) (Toleno et al. 2007 ).
Sequence Analysis
Sequence Diversity Estimation and Tests of Neutrality
Nucleotide polymorphism was analyzed using tools from the LIBSEQUENCE library (Thornton 2003) . COMPUTE and DESCPOLY were used to calculate nucleotide diversity: (Watterson 1975 ) and Tajima's p (Tajima 1983) . POLYDNDS was used to estimate the level of polymorphism at silent and replacement sites. COMPUTE was also used to calculate Tajima's D (Tajima 1989 ) in order to test departures from neutrality of the standard coalescent model. The significance of Tajima's D was tested by 10 000 replicate coalescent simulations.
Linkage Disequilibrium
Two approaches were used to estimate levels of LD: first, the population recombination parameter q 5 4N e r was estimated, where N e is the effective population size and r is the recombination rate per generation (Hudson 1987; Andolfatto and Przeworski 2000) . We employed 2 estimators of the recombination parameter q: Hudson's estimator ðq H01 Þ; which uses an approximate likelihood method, based on pairwise LD between sites (Hudson 2001 ) and Thornton's estimator ðq T05 Þ, in which the posterior distributions ofq andĥ are jointly estimated on the basis of summary statistics of the observed data using rejection sampling (Haddrill et al. 2005) . We also report the ratioq=ĥ, a measure of the relative contribution of recombination and mutation to haplotypic diversity. The LD estimator Wall's B (Wall 1999 ) and the minimum number of recombination events (Hudson and Kaplan 1985) are also reported. LD between pairs of polymorphic sites within each locus was calculated based on squared correlation in allele frequency, r 2 , (Weir 1990) , using the program RSQ (Thornton 2003) . The decay of LD with physical distance was estimated using nonlinear regression of LD between polymorphic sites versus distance in base pairs between sites (Remington et al. 2001) . The statistical package R (www. r-project.org) was used to summarize the output file of RSQ and to make plots of LD versus distance. Low-frequency sites, even when there is complete association, will result in low values of r 2 . This means that r 2 plots will contain many values near zero, and these contribute substantial background noise to the data. Thus, we calculated r 2 using a frequency filter of 5 chromosomes or roughly 10% frequency; polymorphic sites with a frequency of ,5 were removed from the calculation.
The extent of interlocus LD was calculated by using randomizations of haplotype combinations at 2-locus pairs to test for an excess of LD in the empirical data sets relative to random configurations of the haplotypes at each locus (Morrell et al. 2005) . The method compares the extent of LD between all pairs of sites between 2 loci, generally using a minimum frequency filter such that the rare SNP variant must occur at least twice in the sample. This produces a distribution of values for the LD statistic (we use r 2 ) with a total of (S 1 Â S 2 ) values, where S 1 and S 2 are the number of SNPs considered at each locus. The observed distribution of r 2 values in empirical data was compared with those observed in 1000 randomizations of sample order. For the present diploid data, the phase of haplotypes in the empirical data is arbitrary. Preservation of haplotypes when sample order is randomized results in a more conservative test in cases where some degree of nonindependence is observed between linked sites (within a locus) (Morrell et al. 2005) .
Results
Nucleotide Sequence Polymorphism and Diversity
Sequencing of the 4 loci resulted in 5960 bp of aligned sequence data, including 3737 bp of coding regions (62.7% of total sequence) and 2223 bp of noncoding regions. There are 13 indels within sequenced introns. The length of coding and noncoding portions of each locus is shown in Table 3 . Observed heterozygosity is high at the 4 loci. Thus, for Cellulase, CHS, F3H, and STK, observed heterozygosity was 40%, 70.6%, 50%, and 50%, respectively.
A total of 176 SNPs were detected over all 4 loci, resulting in an average of 1 SNP every 33.7 bp (excluding indel polymorphisms). Nucleotide diversity at each locus is shown in Table 3 . The F3H locus has the highest diversity, where h W 5 0.0109 and p 5 0.0123, almost twice as high as observed at the other 3 loci. Nonsynonymous diversity (p nonsyn ) is generally much lower than silent variation, the ratio of nonsynonymous to synonymous diversities (d N /d S ) range from 0.194 for F3H to 0.441 for STK, indicating that there is some degree of purifying selection at these loci. The high level of diversity in F3H results primarily from high diversity within the intron, where p 5 0.018; purifying selection at the protein level is moderately strong as judged by d N /d S ratios. If we consider these 4 loci together, the overall genetic diversity of wild avocado is at the same level as A. thaliana, (Nordborg et al. 2005) , wild rice (Zhu et al. 2007), and wild barley (Morrell et al. 2003 ), all of which are self-fertilizing annual species of temperate origin. The proportion of singletons (polymorphic sites present only once in the sample) is high at all 4 loci. For example, there are 13 singletons at the Cellulase locus (13 of 30 SNPs). (Figure 1 ). Thus the upper bound of 95% confidence on the estimate ofq T05 =ĥ T05 is much lower than point estimates for Drosophila melanogaster that are as high as 17.5 (Pool and Aquadro 2006) .
A plot of intralocus LD for all loci is shown in Figure 2 . The average LD, measured as r 2 , is summarized by a secondorder loess line (Cleveland 1979 (Cleveland , 1981 and decays to half the initial value within a distance of 1.0 kb. Wall's B values (0.1-0.2) also show that LD within the 4 loci is relatively low.
Despite the rapid decay of LD within loci, there is a significant excess of interlocus LD for all six 2-locus comparisons in the full sample of 21 accessions (42 chromosomes) from all 3 botanical races. The proportion of data sets with randomized haplotype configurations with median r 2 as great as that observed in the empirical data ranges from 0 to 0.003 and thus would all be significant at P , 0.05 after Bonferroni correction for the 6 tests performed. However, when the analyses are repeated on data from within each botanical race, no significant interlocus LD was detected. For 12 samples from Central Mexico (the Mexican Botanical Race), P values based on median r 2 values ranged from 0.072 to 0.916, with a median of 0.518. The number of SNPs segregating in accessions of the Guatemalan (Southern Mexican) race (from 6 chromosomes) resulted in only 3 comparisons. For all 3 comparisons, there was no significant interlocus LD. Among West Indian accessions (12 chromosomes), none of the 6 comparisons were significant; P values 5 0.173 -1.
Discussion
Nucleotide Diversity
This is the first study of nucleotide diversity from a predominantly outcrossing tropical tree species. The 21 wild accessions used in this study represent all 3 botanical (Table 1) .
The observed heterozygosity in the sample is 40-70.6%, consistent with the 63.5% heterozygosity reported in a study of microsatellite diversity in avocado (Ashworth and Clegg 2003) , thus providing direct evidence of the outcrossing mating system of wild avocado. Avocado is not especially diverse for an outcrossing species with diversity h W 5 0.0071, p 5 0.0066, and p sil 5 0.0102 at silent sites compared with the self-fertilizing annual plant species A. thaliana (p sil 5 0.005;0.0175) (Aguade 2001) , and it is somewhat less than wild barley (H. vulgare ssp. spontaneum) (p sil 5 0.012) (Morrell et al. 2005) . Diversity in avocado is substantially less than that found in the outcrossing species, Arabidopsis lyrata and Arabidopsis halleri (p sil 5 0.023 and 0.015) (Wright et al. 2003; Ramos-Onsins et al. 2004) , and less than reported in the outcrossing tree Populus tremula (p sil 5 0.016) (Ingvarsson 2005) and in the wild relatives of maize: Zea diploperennis, Zea perennis, and Zea parviglumis (p sil 5 0.012, 0.013, and 0.023, respectively) (White and Doebley 1999; Tiffin and Gaut 2001a; Tiffin et al. 2004 ).
Linkage Disequilibrium
A relatively large number of diploid samples have been fully experimentally phased in the present data, permitting the estimation of recombination and LD as a function of distance within genes. Under coalescent theory and assuming a standard neutral model, the relative importance of recombination versus mutation in generating novel haplotypes can be quantified as q/h(54N e r/4N e l5r/l) where l is the mutation rate and r is the recombination rate. Despite an outcrossing mating system, the ratio ofq=ĥ for avocado is not high, ranging from 0.18 to 0.81 ðq H01 =ĥ w Þ and 0.49 to 1.3 ðq T05 =ĥ T05 Þ: In contrast, species-wide samples from D. melanogaster yield estimates ofq=ĥ50:4 À 6:8 (Haddrill et al. 2005) or even up to 17.5 (Pool and Aquadro 2006) , whereas maize yieldsq=ĥ51:5 (Wright et al. 2005) . For the self-fertilizing species A. thaliana,q=ĥ50:05 (Nordborg et al. 2005) , butq=ĥ is nearly 1.5 in wild barley (Morrell et al. 2006) . Thus, whereas high rates of heterozygosity provide the potential for effective recombination in wild avocado, the estimated relative contribution of recombination to haplotype diversity is lower than in many other species.
The extent of LD is influenced by effective population size, population mating patterns, and admixture. Generally speaking, LD decays more rapidly in outcrossing than in selfing species (Nordborg 2000) because recombination is less effective in selfing species, where individuals are more likely to be homozygous. In the current avocado data, intralocus LD decays rapidly within a distance of 1 kb. Compared with other species, avocado intralocus LD decays slower than LD observed in maize, an outcrossing species (r 2 , 0.1 within 1500 bp) (Remington et al. 2001) , and LD in self-fertilizing wild barley, where LD decays very quickly within 300 bp (Morrell et al. 2005) . However, LD is much more extensive in self-fertilizing A. thaliana, where it extends about 10 kb (Kim et al. 2007 ).
Significant interlocus LD was detected in the total sample of wild avocado but was absent for all 2-locus comparisons when the data were partitioned by botanical race. Significant interlocus LD can result from physical linkage among loci, a very recent species-wide reduction in effective population size, geographic structure, or selection. The absence of significant interlocus LD between loci within each botanical race suggests that physical linkage is unlikely to explain the high degree of interlocus LD in the full wild avocado data set. The genetic map position for these loci is unknown; however, it is unlikely that all 4 loci are in close physical proximity on the 12 avocado chromosomes. In the absence of strong evidence for selection at any of the loci or a demographic crash in the species history, geographic structure best explains the excess interlocus LD observed in the pooled data. In a much larger number of 2-locus comparisons in wild barley, loci with significant geographic structure were found to have higher levels of interlocus LD (Morrell et al. 2005) . That is, LD is quite sensitive to the presence of geographic structure at one or more of the loci in a 2-locus comparison.
An important caveat is that sample size and SNP number are small for the interlocus LD estimates calculated within avocado races. Limited sample size reduces the power to test for significant interlocus LD because sample size limits the number of randomizations of haplotypes that are possible. However, the number of possible orders into which n unique chromosomes (or haplotypes) can be sorted is n factorial. Thus, with just 6 haplotypes, there are 720 unique orders. With 12 chromosomes (the number in the 2 subsamples considered here), there are 4.8 Â 10 8 possible orders. However, the actual number of unique combinations (or orders) is determined by the number of observed haplotypes. A limited number of SNPs at any locus also limits the number of comparisons of SNPs between loci for any comparison in which the locus is involved (i.e., a small number of SNPs at one locus impacts multiple interlocus tests). In both the Guatemalan and West Indian races, the CHS locus has only 3 nonsingleton SNPs. Despite these considerations, interlocus LD in the full sample of wild avocado almost certainly results from geographic structure and the admixture of samples from across botanical races.
These data have important implications for association mapping or LD mapping (Long and Langley 1999) , a particularly appealing technique for gene or Quantitative Trait Loci (QTL) localization in perennial crops where traditional QTL and other breeding approaches are difficult, owing to long generation time (Ross-Ibarra et al. 2007 ). To be effective, association mapping in avocado, whether using domesticates or wild samples, will have to control for the interlocus LD resulting from population structure. This will require the characterization of structure within samples before undertaking an association mapping approach. This is the first resequencing study of a subtropical tree species, and it provides a useful picture of nucleotide sequence diversity in an important element of the flora. The picture is one of moderate diversity where recombination is less important than mutation as a source of haplotypic diversity, in contrast to wild barley and maize, for example. Despite this, LD decays relatively rapidly within the span of a typical gene, and there is no evidence for selection at the 4 loci investigated. These data show a rapid loss of LD within genes, but admixture among races is a confounding factor that induces substantial interlocus LD. This will complicate the use of association mapping in avocado.
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